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Abstract 
We have designed and fabricated 60 MHz bulk acoustic wave transducers and demonstrated the efficacy of these 
devices for probing the gravimetric and viscoelastic properties of layers in intimate contact with one of the electrodes. 
By integrating a 100 nm thick nanoporous film as the top electrode of the quartz resonator, we have been able to 
obtain enhanced sensitivity to mass loading and investigate the physical properties of liquids confined within 25 – 35 
nm pores. By experimentally measuring the change in resonance frequency and Q-factor at the first and third 
resonance modes and using a detailed acoustic model in which the trapped liquid is treated as viscoelastic layer under 
a viscous liquid, the properties of trapped water-glycerol mixture confined in nanopores has been deduced. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
The continuously shrinking trends in microfluidic devices raises challenging questions regarding the 
behavior of liquids confined in nanoporous cavities and capillaries. Specifically, there are no detailed 
studies on how the nanoporous environment affects the physical properties of liquids. Such information 
would greatly improve the ability to model and design micro- and nano- fluidic devices. Investigating the 
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physical properties of liquids trapped in nanoporous cavities requires appropriately matched probing 
methods. Bulk acoustic wave, quartz crystal resonators have been extensively used as gravimetric sensors 
due to their low noise and high-sensitivity to mass loading. However, in most electrochemical and 
biological applications quartz crystal microbalances (QCMs) are subject to simultaneous mass and liquid 
loading [1, 2] which changes the response of their resonance characteristics as compared to simple mass 
loading conditions. More recently, QCM resonance characteristics have been analyzed under a generic set 
of commonly possible viscoelastic loading conditions in contact with a liquid [3, 4]. In our previous work, 
we have used micromachined, high-frequency, QCM arrays to systematically study the physical and 
viscoelastic properties of spontaneously adsorbed globular protein films with molecular weights (MW) 
spanning three decades on hydrophobic surfaces [5, 6]. In this paper, we have incorporated a 100 nm thick 
nanoporous gold (np-Au) film as the working electrode of a 60 MHz QCM and investigated the physical 
properties of liquids trapped within nanopores. Specifically, we report measurements on the changes in 
the resonance frequency and quality factor at the 1st and 3rd overtones upon liquid loading of nanoporous 
gold. The results are interpreted using an equivalent electrical admittance analysis. 
2. Materials and Methods 
2.1. Materials 
Different concentration of water-glycerol mixtures (10 – 50 wt. % of glycerol in water) were prepared 
by diluting glycerol (>99.5%, Sigma AldrLFK ZLWK 0-cm DI water (Millipore Milli-Q system; 
Barnstead International).  
2.2. Measurement Setup 
The fabricated resonator array was packaged in a modified 24 pin dual in-line ceramic package using 
silicone adhesive. Agilent 4395A impedance analyzer was used for all measurements carried out in this 
paper. The impedance analyzer was carefully calibrated for open, short, and known load (51 :) 
conditions prior to making the measurements. A customized Teflon test cell was designed and machined 
for loading the nanoporous gold working electrode of the QCM with various water-glycerol mixtures. A 
controlled temperature aluminum die-cast box (4.7” x 4.7” x 3.54”) set at 25 (±0.1) °C was designed and 
used to prevent RF interference. All the experimentally measured data was collected by Labview data 
acquisition software.  
2.3. Fabrication of nanoporous structure: Selective etching 
Figure 1 shows the schematic illustration of the fabrication of the micromachined quartz resonator 
array. To prepare a QCM array with nanoporous gold (np-Au) as its working electrode, a Ag-Au alloy 
film was ion-beam deposited from a Ag-Au alloys target containing 70 at.% of silver. Adhesion of the 
alloy film was improved by the pre-deposition of Cr/ Au film by thermal evaporation. The deposited film 
was patterned to form the top electrode of the quartz resonator using photolithography followed by 
etching in iodide-based silver/ gold etchant. Finally the nanoporous structure was obtained by selective 
etching of silver from deposited gold-silver alloy film in 70% concentrated nitric acid. The obtained 
nanoporous gold was imaged using a scanning electron microscope which showed an average pore size of 
~30 nm [7]. 
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Figure 1. Schematic illustration of the fabrication process for QCM arrays: (a) patterning Cr/ Au layer using standard 
photolithography and development, (b) deposition of the 10ȝP WKLFN1L OD\HU E\ HOHFWURSODWLQJ F'HHS5,( HWFKLQJ RITXDUW]
substrate with Ni acting as a hard mask, (d) stripping of Ni, followed by the formation of common electrode with Cr/ Au, (e) 
deposition and patterning of silver-gold alloy film (70 at.% of silver) on the Cr/ Au layer using ion beam deposition, (f) formation of 
np-Au film as a working electrode using selective etching of silver by immersing in 70% concentrated nitric acid. Not in scale. 
3. Materials and Methods 
In this paper we have replaced conventional the solid-gold electrode on the QCM by a 100 nm thick 
nanoporous gold film. Pure water and glycerol are miscible and have densities of 0.99821 g/cm-3 and 
1.2613 g/cm-3, and viscosities of 1.005 mPa and 1499 mPa at 20 °C, respectively. Addition of the 
contacting liquid medium to mechanically oscillating device surface causes a change in the behavior of 
QCM, i.e., decrease in the resonance frequency and Q-factor. The decrease in the resonance frequency 
and Q-factor is linearly proportional to the square root of the viscosity-density product of the liquid 
loaded on the QCM electrode surface [1, 2] i.e., 
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, where UL and KL are the viscosity and density of the liquid respectively, Uq and Pq are the density and 
shear modulus of quartz respectively, and f0 is the resonance frequency. S0 is the ideal slope for the 
frequency decrease and S1 is the ideal slope for the Q-factor decrease obtained under pure liquid (viscous) 
loading conditions. We have previously demonstrated that micromachined QCMs with solid-gold 
electrodes show very close agreement to the expected linear dependence of the frequency shift on the 
square root of the liquid density-viscosity product [5, 8]. 
The typical resonance frequency shift of the device in contact with liquid as a function of 
concentrations of water-glycerol mixtures are shown for solid gold electrode (Fig. 2(a)) and for np gold 
(Fig. 2(b)). Experimental results on 60 MHz nanoporous gold (np-Au) electrode devices show much 
larger frequency and Q-factor changes upon liquid loading than on 65 MHz solid-gold electrode for the 
same concentrations of water-glycerol mixtures. Furthermore, a plot of the square root of liquid density-
viscosity product against frequency shift exhibits a slight quadratic dependence instead of the expected 
linear behavior. However, fitting a straight line to the data yields a nearly 2.3 times larger slope for the 
nanoporous gold electrode than theoretically expected assuming a solid electrode. The larger slope 
indicates that liquid trapped within the nanoporous structure does not behave as pure viscous liquid 
instead a much more complex interaction between the liquid and the acoustic wave is to be expected. The 
slight non-linearity (quadratic dependence) at low LLKU values implies a deviation from the standard 
viscous loading model.  
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Figure 2 Admittance curves at resonance under various liquid (water-glycerol concentration) loading conditions for: (a) 65 MHz 
QCM with solid-Au electrode and (b) 60MHz QCM with np-Au electrode.  
 
To analyze the behavior of the liquid trapped within the nanoporous gold layer, the film is treated as a 
viscoelastic layer characterized by a density, viscosity, and elasticity. Thickness of the layer was fixed at 
100 nm which is equivalent to the thickness of np-Au film. Using the measured frequency and Q-factor 
shift, in 1st overtone and 3rd overtone, and the equivalent electrical admittance analysis model [3], we 
analyzed the physical properties for the various concentrations of water-glycerol mixtures from pure 
water to 50 wt. % of glycerol in water. In all cases the liquid trapped within the nanopores yielded a 
higher viscosity than for the unconfined liquid and a very small elastic modulus of ~1 MPa was obtained.  
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